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I. ABSTRACT 

4 NASA STUDY 

The s tudy  durine; t h e  second q u a r t e r l y  per iod included t h e  fol lowing:  

1, 

2. 

h g n e t i g - s t u d y  t o  determine frequency of ope ra t ion  

Examination of p u l s e  width v a r i a t i o n s  necessary t o  c o n t r o l  over t o t a l  
i npu t  range. 

__./ - _- 

3*  Examination of f requency v a r i a t i o n s  necessary t o  c o n t r o l  over t o t a l  
i npu t  range, 

Examination o f  square wave sources, 

Examination of power l o s s e s  i n  s a t u r a t e d  transformers.  

Examination of va r ious  system concepts. 

he 
5. 
6 ,  

.- 

- -  - 

7. S e l e c t i o n  of t h e  system concept, 

8. I n i t i a l  examination of r e a f x i n g  componentso 

9. 

It was p rev ious ly  reported t h a t  t he  push-pull  chopper and the push-pull 
i n v e r t e r - r e c t i f i e r  were chosen as tl-s basic  c i r c u i t s  f o r  f u r t h e r  study,7 
It was f u r t h e r  r epor t ed  t h a t  a combination of pu l se  width and frequency 
modulation w i t h i n  t h e  20 t o  30 KCPS range seemed t o  o f f e r  t h e  most 
promising means of contro1.7 

Analysis  of output  f i l b r  sec t ion ,  

liiowever, c o n s i d e r a t i o n  of t h i s  study progrz?nrs r e q u b m e r ? t s  t o  reduce the 
size and weight of a l l  u n i t s  as f a r  a s  poss ib l e ,  and t o  minimize the u s e  
of rmgnetics, suggests  that  an i n v e s t i g a t i o n  of d i g i t a l  c i r c u i t s  d r i v i n g  
single-ended power s t a g e s  is a l s o  i n  order.  Means of syn thes i z ing  such 
systems were, therefore ,  a l s o  s tudied i n  this q u a r t e r l y  period. 

An i n v e s t i g a t i o n  of r e c t i f y i n g  devices was conducted, 
e f f e c t i n g  diode e f f i c i e n c y  were examined, and t h e  p o s s i b i l i t y  of using 
germanium t r a n s i s t o r s  a s  synchronous r e c t i f i e r s  was considered. 

Parameters 

F ina l ly ,  the s t a b i l i t y  of a choke inpu t  f i l t e r  s e c t i o n  and its response 
t o  va r ious  i n p u t  waveforms was analyzed, 

A 

ii 
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I10 PURPOSE 

The purpose of t h i s  program i s  t o  provide concepts, techniques,  and 
developed modular c i r c u i t r y  f o r  non-d i s s ipa t ive  DC t o  DC conve r t e r s  
i n  t h e  power range of 0 t o  100 watts. 

Major program goa l s  a r e  t h e  maximization of e f f i c i e n c y ,  s impl i c i ty ,  
and r e l i a b i l i t y ,  along with minimization of size, weight, and r e s p o m e  
t ims  of the converters  

The c i r c u i t s  a r e  t o  be modular i n  concept, so  t h a t  a m i n i m u m  of develop- 
ment i s  r equ i r ed  t o  t a i l o r  a c i r c u i t  t o  a s p e c i f i c  a p p l i c a t i o n ,  
concepts should a l s o  allow, inasmuch as p r a c t i c a l ,  for t h e  use of s t a t e -  
of-the-art  manufacturing techniques, 

The  

The program i s  multi-phased, including a study, ana lys i s ,  and design 
phase, and a breadboard phase during which the concepts a r e  t o  be 
v e r i f i e d  by c o n s t r u c t i o n  and t e s t  of e i g h t  breadboards, 

1 
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111, INTRDDUCTION 

A magnetic s tudy  was conducted s o  a s  t o  e s t a b l i s h  the 
system's upper operat ing frequency, However, during 
t h i s ,  t h e  second q u a r t e r l y  period, t h e  major p o r t i o n  
of t h e  e f f o r t  was concerned w i t h  the conception of 
app l i cab le  c o n t r o l  schemes, Methods for producing 
pu l se  wid th  modulated, frequency modulated, and 
combination pu l se  and frequency modulated c o n t r o l  
systems were examined and an a n a l y s i s  of both pu l se  
width and frequency modulation was p e r f o r m d  t o  
determine l i m i t s  of operat ion,  

An i n v e s t i g a t i o n  of r e c t i f y i n g  components ard a 
s t a b i l i t y  ana lys i s  of the output f i l t e r  s e c t i o n  
were a l s o  completed. 

A t  t h i s  point ,  it i s  f e l t  that  although a s t a b i l i t y  
a n a l y s i s  of t he  converter  c o n t r o l  c i r c u i t s  has n o t  
been conducted, breadboarding can  begin on t h e  
premise t h a t  modif icat ions W i l l  s o l v e  any s t a b i l i t y  
problems t h a t  may a r i s e .  



HSER 3084 

I V .  TECHNICAL DISCUSSION 

A .  Magnetic Study 

A s  was p rev ious ly  reported7, semiconductor e f f i c i e n c y  appears t o  limit 
t h e  upper frequency of system ope ra t ion  t o  about 30 KCPS. A ser ies  of 
t o r o i d a l  t ransformer designs were generated t o  determine whether it 
would be p o s s i b l e  t o  operate t r a m f o r m r s  e f f i c i e n t l y  u rde r  tb same 
l i m i t a t i o n ,  The t o r o i d a l  conf igu ra t ion  was chosen because of low 
leakage due t o  t h e  uniformly d i s t r i b u t e d  windings, and m i n i m a l  
a c o u s t i c a l  noise. 

The fol lowing t a b l e  (Table I) was prepared f o r  t h e  output t ransformer 
of F igu re  1 using the  basic  magnetic equa t ion  f o r  square wave t r a n s -  
formation (equat ion 1). The designs were based on the use of Indiana 
General type 0-5 mate r i a l ,  a low l o s s  ferri te.  

N =  E x 108 

N = number of t u r n s  
4 f BAC 

Where 3 

E = required vo l t age  

f = desired frequency 

B = magnetic f l u x  d e n s i t y  

Ac= c ross - sec t iona l  co re  a r e a  

FIGURE 1. - 10 WATT OUTPUT TRANSFORMER 

3 
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COPPER 
LOSS 

TABLE I - 10 WATT OUTPUT TRANSFORMER 

CORE . SIZE 
LOSS EFFICIENCY 0.D.I HEIGHT EEL 

l0Kc 
lOKC 
25KC 
25KC 
SOKC 
5 OKC 
5 OKC 
SOKC 

. 162W . 089W . 14314 
e o 5  w 
e 0 7  W 
193W 
06!% 
O34W 

0 low . 063w 
.04 W 
04% 

0 208w 
e03 W 

072W 
.08 W 

97 03% 
98.6% 
98.2% 
9 9 2 %  
97.3% 
97.7% 
98.5% 
98 .9% 

l.431r 
1 . 8tt 
1.9' 
1 . 87" 

75" 
1.37" 
1 37It 
1.62" 

. 62" . 80" 

.62" . 87" 
5" . 62'0 

.62't . 62" 

F207 0 

F2070 
F-626-2 

CF -113 
F-846-3 
F-624-3 
F-2070 
CF -113 

It i s  apparent from Table I above, t h a t  r e l a t i v e l y  e f f i c i e n t  t ransformers  
of moderate s izes  can be designed f o r  o p e r a t i o n  t o  a t  l e a s t  50 KCPS, 
m a t  is not  apparent (and remained t o  be determined) i s  a d e f i n i t i v e  
r e l a  t i o n s h i p  among e f f i c i ency ,  weight, ard frequency of operation. 

General E l e c t r i c ,  c nfronted w i t h  the same problem, developed t h e  
fol lowing a n a l y s i s  . % 
The two p r i n c i p l e  sources of l o s s  (core  and winding losses) ard t h e  
power r a t i n g  of t h e  t ransformers  were expressed a s  func t ions  of co re  
geometry 8 

Ps - Core l o s s  and is  g i v e n  by; 

Where ; W (f, B) = wat t s  l o s s  p e r  pound of co re  
m a t e r i a l  a s  a f u n c t i o n  of 
frequency ( f )  and f l u x  d e n s i t y  (B) 

= e f f e c t i v e  d e n s i t y  of the co re  ma te r i a l  
including i n s u l a t i o n ,  space f a c t o r ,  
binder, e to .  

C c  

A, = core c ros s  s e c t i o n a l  a r e a  

1, = core mean l e n g t h  

Pw = winding l o s s  and is g iven  by; 
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Where, e = conductor r e s i s t i v i t y  

S = winding space f a c t o r  (commonly = 0.4) 

J = current  d e n s i t y  

A, = area of core window a l l o t t e d  f o r  winling 

1~ = mean l e n g t h  of a winding t u r n  

Po = t r a n s f o r m r  p m e r  r a t i n g  and i s  given by3 

Po = S f B I AcAw &e ) 

Where, I = c u r r e n t  flow i n  t r a n s f o r m r  secordarg 

Examination of equat ions 2, 3, and h i n d i c a t e s  t h a t  core and winding 
l o s s e s  vary  as the  cube of t r a m f o r m e r  dimensions (A& ard Awl& 
r e s p e c t i v e l y )  while power r a t i n g  v a r i e s  a s  t h e  f o u r t h  power of 
dimensions (AOA,). 
of a transformer,  w i th  a l l  other q u a n t i t i e s  held constant ,  w i l l  
increase  the  d f i c i e n c y  of opera t i on ,  

Therefore, as expected, an inc rease  i n  the s h e  

Eff i c i ency  w i l l  a l s o  be effected by the  c u r r e n t  densi ty .  
w i l l  i n c r e a s e  as the square of cur ren t  d e n s i t y  while output power i s  
d i r e c t l y  p ropor t iona l  t o  t h i s  same paraxmter Therefore, e f f i c i e n c y  
will u l t i m a t e l y  be adve r se ly  e f fec ted .  However, up t o  t h e  poin t  a t  
which core and winding losses a r e  equal, increas ing  cur ren t  d e n s i t y  
will improve e f f i c i e n c y ,  I n  p r a c t i c e ,  even f u r t h e r  i nc reases  m y  be 
d e s i r a b l e  t o  improve l i g h t  load  ope ra t ion  and t o  a t t a i n  a g r e a t e r  
power output f o r  a g iven  des ign  weight . 

Winding l o s s e s  w i l  

I n  order  t o  e s t a b l i s h  a r e l a t i o n s h i p  between core and winding l o s s e s  
t h a t  w i l l  al low a s e l e c t i o n  o f  p a r a m t e r s  t o  y i e l d  m i n i m u m  weight o r  
maximum efficiency, 'r( was defined as a p r o p o r t i o n a l i t y  constants  

or; % = gfC 5.) 
The r e l a t i o n s h i p s  between core geometry, weight, ard e f f i c i e n c r  were 
the n inve s t i g  a t ed . 

d m = -  
D 

n = S  
D 

FIGURE 2. - TOROIDAL "F!ANSFORMEX CORE 
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Considering Figure 2 above, the fol lowing may be determimd:  

pC = s d  =MN Dz 6.) 

377- 2 PW =r 8 (based OL 3h of winding area 7. )  
being avai iable  for xiildings) 

1, = 7 7 f b i d )  = Tc/+M)B 
l M = Z ( ~ J t s + d ) = t & - + & f N  P 9.) 

8. 1 

Neglecting mounting provisions,  t h e  weight of the t r ans fo rmer  (M) 

Where t 

6, = equivalent  d e n s i t y  of the core m t e r i a l  
( including s t ack ing  f a c t o r )  cw = dens i ty  of winding m t e r i a l  

= eqvival.ent d e n s i t y  of the i n s u l a t i o n  

= winding space f a c t o r  (commonly = 0.4) 
$1 
s 
b =-$E. s6 w i- ~= O - S X ,  

Typically, b might range between 0.1 and 0.b. 

S u b s t i t u t i n g  t h e  expressions f o r  core  geometry into the power r e l a t i o n -  
s h i p  y i e l d s t  

11.) 

12. ) 

Where; PL = coinbined c o w  aEd xinding lchsses 

6 
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The functionJW ( f ,  B O  may be expressed a n a l y t i c a l l y  a s :  

Where: H - magnetic f i e l d  s t re r ig th  

,U = permeabi l i ty  

j =-KT 
f o= G r i t i c a l  frequency above which 

eddy current  e f f e c t s  a r e  appl icable .  

Equat ion 15 is  v a l i d  f o r  core ma te r i a l s  i n  general .  Some mater ia l s ,  
however, e x h i b i t  a s i g n i f i c a n t  r e g i o n  i n  which tk f i e l d  s t r e r g t h  is 
p r o p o r t i o n a l  t o  the half  power of frequency due t o  skin e f f e c t s  within 
the  core. 

If t h e s e  regions a r e  no t  avoided, t hen  the f u n c t i o n  W (f, B )  m u s t  be 
a l t e r e d  f o r  the p a r t i c u l a r  m t e r i a l  i n  quest ion.  

Using equa t ion  15, the  power r e l a t i o n s  of equat ions 11, 12, ard 14, and 
the  d e f i n i t i o n  of ‘I( (equation 5 )  expressions for weight and t o t a l  
l o s s e s  were found t o  be: 

with the  core diameter  (D) required t o  g ive  the d e s i r e d  
output power determined as;  

7 



FIGURE 3 - DIVISION OF LOSSES FOR A TRANSFORPER 

c 

4 

3 

2 

1 

I I 1 1 
Pw = Winding Loss 

P, = Core Loss 

/ 
/ 

/ 

= 30 
MINIMUM 

LOSS X WEIGHT 

MINIMUM LOSS 

---- L 
1.5 

*I 
0 015 1.0 

Weight T e r m  )f-3/0 
I 



P O  
- 3 0  

* I +  

EF:  
a n  

9 



P Previously,  was def ined a s  2. Figure 3 p l o t s  t he  loss determimd 
func t ion  of 21 versus the  w e i g h  determined f u n c t i o n  of % a s  def ined  i n  
equat ions 16 and 17. 

Clear ly ,  from a weight s tandpoint  3 should be held a s  l a r g e  a s  poss ib l e  
while  e f f i c i e n c y  cons idera t ions  i n d i c a t e  the reverse .  Therefore, a p r a c t i c a l  
range of If was s e l e c t e d  a s  fol lowsr  

t h e  upper limit being es tab l i shed  a t  the minimum value of the  product of 
weight and loss, while the  lower was e s t ab l i shed  a t  minimum loss 

For t h i s  poss ib l e  f i v e  t o  one v a r i a t i o n  i n  I( , t he  weight and l o s s e s  w i l l  
vary as: 

210) 

Simi lar ly ,  i n  Figure 4, t he  loss and weight determined func t ions  of m 
and n a r e  p lo t t ed .  

It t u r n s  out t h a t  the r a t i o  between m and n i s  approximately one-na’if 
over t h e  range of i n t e r e s t .  
of two, w i l l  have no appreciable  e f f e c t .  
is  appropr ia te  f o r  m = n, o r  f o r  4 m - n. 

However, a l t e r i n g  t h i s  r a t i o n  by a f a c t o r  
The dashed curve of Figure 4 

Placing l i m i t s  on t h e  excursion of m and n between the pos i t i ons  of 
minimum loss and minimum weight, a range is  defined2 

O.12< m 4 0.70 22.) 

0.254 n < 1.40 23.)  

Within t h i s  range, weight and lass w i l l  vary  as: 

10 
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-!k = 0.343 
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p12 

p11 
- = 1.302 

HSER 3084 

24. ) 

25.) 

Fina l ly ,  using a r b i t r a r i l y  s e l e c t e d  values  of m, n, and 
and 2 r e spec t ive ly ) ,  curves of power loss versus weight were drawn., 
Because of the dependence of both weight a d  loss on the c o r e  p r o p e r t i e s  
and power output desired,  Figures 5 and 6 r e p r e s e n t  two d i f f e r e n t  
s i t u a t i o n s .  Each of them i s  drawn f o r  a 100 w a t t  transformer,  but  Figure 
5 i s  drawn f o r  1 m i l  S i l e c t r o n  (a  t ape  wound m a t e r i a l )  
is drawn f o r  FXC-3 (a  f e r r i t e ) .  

(0.25, 0.50 

and Figure 6 

The use  of t h e s e  curves seems severely l imi t ed .  However, i n  keeping 
with t h e  t h r e e - q u a r t e r  power r e l a t i o n s  between both l o s s e s  a d  weight  and 
t r a m f c r r m r  r a t i n g  (Equations 16 and 1 7 )  t h e  a x i s  can  eas i ly  be s h i f t e d  
according t o  t h e  fo l lowing t  

($3’4- K 26.) 

where; Po, = power r a t i n g  d e s i r e d  

Poz= 100 watt  power r a t i n g  

K = s h i f t  f a c t o r  

e.g, f o r  a 10 watt  t r a n s f o m r ;  

e, = 1.3 wat t s  

pOZ= 100 wat t s  

Thus, va lues  of power loss and weight, determined by t h e  use  of Figures  
5 and 6, must be mul t ip l i ed  by 0.18 t o  be used f o r  a t e n  watt  design. 

I n  a s i m i l a r  manner, changes i n  o the r  des ign  parameters can be accomo- 
dated, t h u s  lending a un ive r sa l  c h a r a c t e r  t o  t h e s e  curves. 

One o t h e r  s i g n i f i c a n t  po in t  should be mentioned, and t h a t  is: 
examination of t h e s e  graphs c l e a r l y  i n d i c a t e s  t h e  p o s s i b i l i t y  of 
e f f i c i e n t  transformer designs a t  reasonable  weights throughout t h e  
10 KCPS t o  100 KCPS frequency range. 



B. P u l s e  Width Modulation 

A p u l s e  width modulated system was assumed t o  be operat ing a t  25 KCPS 
d r i v i n g  a p a i r  of 2N2880 t r a n s i s t o r s  i n  a push-pull con f igu ra t ion ,  

Maximum al lowable pu l se  width was determined as f o l l o w s t  

I I - '  
I I 

. 

FIGURE 7. - OUTPUT WAVEFORMS OF PUSH-PULL STAm 

Referr ing t o  t h e  above diagram, (Figure 7 )  it can  be seen t h a t  t h e  
d r i v e  pu l se  w i d t h  mst allow f o r  t h e  t r a n s i e n t  c h a r a c t e r i s t i c a  of the 
t r a n s i s t o r .  The maximum allowable drive p u l s e  width ( i ? ~ m p ~ . )  is t h e n  
determined as fo l lows  : 

f o r  the 2N2880t 
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t h a n  a t  2 5 K C t  

P W ~ X .  -a / 9 ,  OZ,USEC 

Thus, t o  avoid en te r ing  i n t o  a c o n d i t i o n  where both t r a n s i s t o r s  a r e  i n  
ope ra t ion  and the a s s o c i a t e d  power l o s s e s  a r e  high, a margin of s a f e t y  
must be provided so  t h a t  PWmax. i s  not  exceeded. 

Considering t h e  10 wat t  regulator ,  we can compute t h e  maximum and 
minimum p u l s e  widths required a s  i npu t  vo l t age  v a r i e s  from 10 t o  20 
v o l t 3  . 
Where the output f i l t e r  is  considered i d e a l ,  t h e  output vo l t age  (Vout) 
i s  given by: 

z L f  ' )7 which y i e l d s ;  

VM - i npu t  vol tage - c o l l e c t o r / e m i t t e r  s a t u r a t i o n  vol tage 

O r b  VM = KN-- l/c&--Ar 
For 10 v o l t  input  t 

Vout = 9 v o l t s  

= 175 x 10-9 

Ton - /8.08,0~&C, 

but : 

29.) 
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Thus, i n  order  t o  c o n t r o l  over t h e  f u l l  i n p u t  vol tage swing t h e  p u l s e  
width modulator must be capable of producing pu l se  widths t h a t  va ry  
from 8.25 psec t o  17.35 psec. 

This i n  no way c o n f l i c t s  with the maximum allowable pu l se  width (pwmx ), 
nor does it impinge upon t h e  una t t a inab le  requirements of e i t h e r  z e r o  6r  
inf ini te  p u l s e  widths. 

It is  then  c l e a r  t h a t p u l s e  width modulation i s  a p l a u s i b l e  means of con t ro l .  

C. Frequency Modulation 

A frequency modulated system was assumed t o  be d r i v i n g  a p a i r  of 2N2880 
t r a n s i s t o r s  i n  a push-pull  configuration. 
width of 19.02 usec w i l l  produce a So$ du ty  cycle f o r  each t r a n s i s t o r  
a t  25 KCPS, a pu l se  width of 15psec was s e l e c t e d  so t h a t  t h e  upper 
operat ing frequency would approach 30 KCPS. It should be noted t h a t  when 
a n  upper frequency i s  firmly establ ished,  one simply computes t h e  maximum 
allowable p u l s e  width a s  i n  Iv B, above. I n  the  d i s c u s s i o n  t h a t  follows, 
i t  was considered t h a t  the 15 p e s  es t ima te  made, somewhat a r b i t r a r i l y ,  
would be adequate. 

Real iz ing t h a t  a maximum p u l s e  

But: 

Ton P 33.)  

Then t 

Considering the 9 vo l t ,  10 w a t t  conve r t e r  w i t h  i n p u t  vol tage v a r i a t i o n  
from 10 t o  20 VDC we f ind :  



~ 
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For 10 v o l t  input3  

The frequency modulation con t ro l  device m u s t  then  be capable of producing 
a d r i v i n g  f u n c t i o n  t h a t  v a r i e s  i n  f requency between 14.32 KCPS and 28.8 KCPS. 
This d r i v i n g  f u n c t i o n  appl ied  t o  t he  bases of t he  2N2880 t r a n s i s t o r s  would 
main ta in  r e g u l a t i o n  over the  t o t a l  input  vo l tage  rarge.  

Do Square Wave Sources 

A survey  of poss ib l e  square wave sources  M t O b  fol lowing p o s s i b i l i t i e s :  

1. Sa tu ra t ing  Cores O s c i l l a t o r s  

a. Single  Transformer 
b. D u a l  Transformer 

2. Relaxa t ion  O s c i l l a t o r  

a. Unijunct ion T r a n s i s t o r  
b. Tunnel Diode 
C. T rans i s to r  

3. Mul t iv ibra tor  

a. Astable  
b. Monostable 
c. Bi-stable 

4. Schmidt Trigger  

5. Clipped Sine  Wave O s c i l l a t o r  



1. Saturatine: Core O s c i l l a t o r s  

Both t h e  s i n g l e  a r d  dual  t ransfarmer conf igu ra t ions  of t h e  basic  
s a t u r a t i n g  co re  o s c i l l a t o r  were considered: 

a. Sing le  Transformer Sa tu ra t ing  Core O s c i l l a t o r  

FIGURE 8. - SIXLE TRANSFORMER OSCIILA'IDR 

The c i r c u i t  i l l u s t r a t e d  (Figure 8) w i l l  produce a square wave output,  
t h e  frequency of which i s  inve r se ly  p ropor t iona l  t o  input  vol tage,  

Its d i s a d v a n t a g q  t h e  use of magnetics, and high power l o s s e s  i n  t h e  
s a t u r a t i n g  output t ransformer,  weigh h e a v i l y  a g a i n s t  i t s  use. 

b. Dual Transformer Sa turatine: Core O s c i l l a t o r  

a L 
a 

+ u 3  
0 

0 

1 I 
FIGURE 9 .  - DUAL TRANSFORHER OSCILLATOR 

The above c i r c u i t  (Figure 9 )  provides  a square wave output a t  a 
frequency i n v e r s e l y  p ropor t iona l  t o  input  voltage.  
a r e  minimized by not  allowing t h e  output t ransformer t o  s a t u r a t e ,  
The g a i n  i n  e f f i c i ency  i s  pa id  f o r  by increased s i z e  and weight 
due t o  t h e  use of add i t iona l  m g m t i c s .  

Power losses 
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2, Relaxa t ion  O s c i l l a t o r s  

Three r e l a x a t i o n  o s c i l l a t o r s  were considered; t h e  un i  j u m  t i o n  t r a n s -  
i s t o r  o s c i l l a t o r ,  t h e  tunne l  diode o s c i l l a t o r  and t h e  t r a n s i s t o r  
o s c i l l a t o r  using complementary symmetry. 

a . Uni junc t i o n  Transis  t o r  Re laxa t ion  Osc i l l a  t o r  

n+ 

“T  
FIGURE 10 - UNIJUNCTION TRANSPSTOR OSCILLATOR 

The c i r c u i t ’  
g r e a t  s i m p l i c i t y  and e a s e  of con t ro l .  That is, s i n c e  the  
frequency of o s c i l l a t i o n  is  dependent upon tb R 1  C t ime 
constant ,  r e p l a c i n g  R 2  $a v a r i a b l e  r e s i s t anoe ,  such as a 
t r a n s i s t o r ,  w i l l  allow c o n t r o l  over t h e  c i r c u i t ’ s  output 
frequency. 

shown above (Figure lo), has the a t t r i b u t e s  of 

b. Tunnel Diode Relaxat ion O s o i l l a t o r  
R L 

0 
- 0 + T 

V i N  

-< 
FIGURE 11 - TUNNEL DIODE OSCILLATOR 

The s i m p l i c i t y  of the t u n n e l  diode r e l a x a t i o n  o s c i l l a t o r  
(Figure 11) makes it h i g h l y  a t t r a c t i v e .  However, i t s  law 
l eve l  ( m i l l i v o l t  range) opera t i o n  makes it s u s c e p t i b l e  t o  
noise, and i t s  g rea t e s  a t t r i b u t e  of high speed (megacycle 
range) cannot be u t i l i z e d .  

19 
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c. Transis  t o r  Relaxation O s c i l l a t o r  

- 
I Y 

B+ 

FIGURE I2 - TRANSISTOR OSCIUTOR 

The use of complementary symmetry (Figure 1 2 )  produces an 
o s c i l l a t o r  s i m i l a r  i n  o p e r a t i o n  t o  t h e  un i junc t ion  t r a n s -  
i s t o r  o s c i l l a t o r .  
avoids the use of magnetics e n t i r e l y .  

The c i r c u i t  i s  re la t ive ly  simple and 

Frequency v a r i a t i o n s  can  be produced by varying the R 1  C 
time constant .  Thus, i f  R 1  i s  r ep laced  by a t r a m i s t o r ,  
the frequency of  o s c i l l a t i o n  can be con t ro l l ed  by varying 
t h e  base drive of t h i s  t r a n s i s t o r .  

The c i r c u i t  d o e s  make use of a PIP dev ice  which makes it less 
economically a t t rac t ive  e 

Mul t iv ib ra to r s  

The t h r e e  classes of m u l t i v i b r a t o r s  were examined. 

a. Astable Mult ivibrator  

4- 
I 

d 4 

FIGURE 13 -ASTABLE MULTIVIBRATOR 

20 
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be 

C. 

The bas i c  a s t a b l e  mult ivibrator ,  i l l u s t r a t e d  abovs (Figure 13), 
i s  somewhat more complex t h a n  any of t he  r e l a x a t i o n  o s c i l l a t o r s  
descr ibed However, it does have i n t e r e s t i n g  p o s s i b i l i t i e s  i n  
a c o n t r o l  a p p l i c a t i o n  because t h e  frequency of o s c i l l a t i o n  can  
be a l t e r e d  i n  s e v e r a l  ways. 

Changing BF, or  e i t h e r  the base o r  c o l l e c t o r  r e s i s t a n c e  w i l l  
charge t h e  output frequency. 
of using mul t ip l e  c o n t r o l  sources, and f o r  t he  p re sen t  a p p l i -  
c a t i o n  c o n t r o l l i n g  wi th  both inpu t  and output  vol tages  can 
be a n  advantage. 

This suggests  t he  p o s s i b i l i t y  

Monost a b l e  Multivibra t o r  

- - 
FIGURE 14 - MONOSTABLE MULTIVIEUTOR 

The bas i c  monostable (Figure 1 4 )  lends i t s e l f  r e a d i l y  t o  a 
frequency modulated system due t o  the cons t an t  pu l se  width 
that  i t  o f f e r s .  I n  p r a c t i c e ,  however, it is o f t e n  f a i r l y  
d i f f i c u l t  t o  maintain a cons t an t  p u l s e  width over an ope ra t ing  
frequency range urrler varying environment a1 condi t ions.  

Bi-stable b l t i v i b r a  t o r  

. _  
1 

4 1 1  

+ 
FIGURE 1s - BI-STABLE MULTIVIBRATOR 

21 
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Of t h e  c i r c u i t s  examined, the I%&C f l i p - f l o p ,  i l l u s t r a t e d  
above (Figure Is), i smst  r e a d i l y  a v a i l a b l e  i n  microminiature 
form. Keeping i n  mind t h e  p o s s i b i l i t y  of the f u t u r e  r equ i r e -  
ment f o r  microminiaturized, modular c i r c u i t r y ,  the f l i p - f l o p s  
have a d e f i n i t e  advantage. 

However, a pu l se  source ( f o r  t r i g g e r i n g )  must be used i n  
conjunct ion w i t h  t h e  f l i p - f l o p  a n d t h i s  somewhat lessens the  
appe a 1 . 

4. Schmidt Trigger  
- 

I B+ 

1. - 
FIGURE 16 - SCHMIDT'TFUGGER 

The Schmidt Trigger  (Figure 16) i n  conjunct ion with a r e p e t i t i v e  
ramp gene ra to r  may be used a s  a square wave source. 
can  be accomplished by varying the B + supply voltage.  

Modulation 

Vsed a s  a square wave generator,  t he  c i r c u i t r y  becomes a b i t  
complex. 
as a s e n s i t i v e  l e v e l  s enso r  is  s t i l l  t o  be considered. 

However, t h e  p o s s i b i l i t y  of using the Schmidt t r i g g e r  

Clipped S ine  Wave O s c i l l a t o r  

h 
w u  I 1 0 

I 

FIGURE 17 - C L I P P ~  SIME WAVE O S C I L L A ~ R  

22 
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A s i n u s o i d a l  i n p u t  voltage can be converted t o  a square wave 
by t h e  c l ipp ing  a c t i o n  of t h e  zener diodes (Figure 17) .  
is  r equ i r ed  t h a t  t he  s inuso id ’ s  peak value be g r e a t e r  t h a n  the 
zener  vol tage,  and the g r e a t e r  t h e  d i f f e rence ,  the more nea r ly  
squa re  t h e  output becomes. 

It 

Inhe ren t  i n  t h i s  m a n s  of producing squa re  waves i s  a high 
power l o s s  t h a t  is very u n a t r r a c t i v e .  

E. Power Losses i n  Sa tu ra t ed  Transformers 

The s a t u r a b l e  core  transformer,  i nhe ren t ly ,  i s  a pu l se  width modulator. 
When d r iven  by a v a r i a b l e  frequency source, a system i s  formed t h a t  is 
capable of both pu l se  width and frequency modulation. This combined 
modulation scheme is  a t t r a c t i v e 7  and, t he re fo re ,  the performance of 
t h e  transformer was more c l o s e l y  examined. 

A t ransformer was considered t o  be  d r i v i n g  a p a i r  of 2N2880 t r a n s i s t o r s  
i n t o  t h e  s a t u r a t i o n  region: 

,9V@O. 

1 0 

- SATURATING POIER DRIVE 

The t ransformer was assumd a t  the edge of s a t u r a t i o n  a t  10 v o l t s  
i npu t  a t  25 KCPS.  
i n c r e a s e  t o  20 v o l t s ,  correspording t o  t h e  maximum inpu t  vol tage 
of t h e  10 wat t  r egu la to r .  
determine power losses i n  the transformer.  Re fe r r ing  t o  tb diagram 
above (Figure 18)t 

It was t h e n  f u r t h e r  a s s u m d  t h a t  Bin could 

The fol lowing c a l c u l a t i o n s  were m d e  t o  

Neglecting co re  l o s s e s  and t r a n s f o r m r  winding r e s i s t a n c e ;  each 
h a l f  of t h e  secondary c i r c u i t  i s  r e f l e c t e d  i n t o  the primary a s  a 
load equa l  t o  R1. 
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0 

a 

R1 = N2R2 (where R2 i s  the secondary load )  

but  ; 

then; 

Considering t h e  vo l t age  d i v i d e r  f o r m d  by R and R1: 
%I (*N2) 
R +- ( vg6 A/? v1 = 

i fG- 
O r j  

= I t  
Z B  

but;  

35.) 

v1 =/v(/t  36. )  

and; 

An upper limit has then been e s t a b l i s h e d  f o r  R. R should be chosen 
a s  c l o s e  t o  t h i s  limit a s  poss ib l e  s o  a s  t o  hold s a t u r a t i o n  cu r ren t  
t o  a minimum. 



I n  t h e  example t h a t  fo l lows  R is  chosen e q u a l  t o  t h i s  upper limit. 
L 

VN 

"4L-6 va&sRr (from eq. 41) 

choosing worst  case (Vin a t  minimum va lue ) ;  
/or 

R = 4 ~ 0 ,  /)@.q) - 

A t u r n s  r a t i o  of 5.5:1 i s  s e l e c t e d  

Then: 

During conduction a t  10 v o l t  i n p u t  t he  primary cu r ren t  I1 is  found 
equa l  t o :  

L4M 
11 = R c R ,  42.1 

/O 

Constant power w i l l  be de l ive red  throughout t he  cycle and t h u s  primary 
power P1 is  equal  t o :  

PI = r , v l / r J  43.) 

p1 = / ~ J w o - ~  



A t  t h e  20 v o l t  i npu t  level:  

during t ransformer sa tu ra t ion :  

& 
E- 

'1 max. 27B 

'1 max, 72M#Mf? 

( S i m e  t r a n s f o r m r  a c t i o n  has ceased) h,) '1 maxo K 
2 0  

Since t h e  vo l t age  has doubled, the cons t an t  volt-second nature  of t h e  
t ransformer will l e a d  t o  s a t u r a t i o n  during one-half of t h e  cycle.  

or: 

The problem remains t o  compute the primary c i r c u i t  power l o s s e s  d u r i n g  
t r a m f o r m e r  conduction wi th  20 v o l t s  input:  (Notei t r a n s i s t o r  s a t u r a -  
t i o n  r e s i s t a n c e  assumed constant) .  

G/ - 
11 = e+ E /  

20 

I1 = -  t78+ 272 
11 = 36.2 M A W / ?  

This power will be d i s s i p a t e d  over h a l f  the cycle:  

t h u s  ; 

Tota l  power d i s s i p a t e d  i n  the primary c i r c u i t  with 20 v o l t  i n p u t  
w i l l  t hen  be: 



The c a l c u l a t e d  l o s s e s  a r e  high. With t h e  system d e l i v e r i n g  10  wat ts ,  the  
loss of 1.08 watts r ep resen t s  a c o n t r o l  loop e f f i c i e n c y  of 9Q% which 
i s  not t o l e r a b l e .  

Fa Svstem ConceDts 

The following t h r e e  concepts a r e  shown with chopper power s t ages .  
It should be noted t h a t  s i m i l a r  systems d r i v i n g  i n v e r t e r - r e c t i f i e r  
power s t ages  a r e  r e a l i z a b l e .  

1, Pul se  Width and Frequency Modulated 
Push-Pull Chopper 

L1 

I I 

FIGURE 19 - PULSE WIDTH AND FREQUENCY 
bDDULA TE3l PUSH-PULL CHOPPER 

a ,  C i r c u i t  Operation 

App l i ca t ion  of t h e  inpu t  voltage,  t u r n s  on t h e  a s t a b l e  
m i l t i v i b r a t o r  through s t a r t i n g  r e s i s t o r  R1.  The mult i -  
v i b r a t o r ,  formed by t r a n s i s t o r s  Qs, $6 and a s s o c i a t e d  
c i r c u i t r y ,  provided square wave base d r i v e  t o  t r a n s i s t o r s  
63 and Q4. 
This p a i r  of t r a n s i s t o r s  a c t s  t o  i n v e r t  t h e  i n p u t  vo l t age  
through the  s a t u r a b l e  t ransformer,  The output of t he  t r a n s -  
f o r m r  d r i v e s  t h e  bases of t h e  chopper t r a n s i s t o r s  Q1 and Q2 
which produce t h e  output waveform t h a t  is smoothed and 
f i l t e r e d  by CR1, L1 and C1. 

27 
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Regulat ion i s  maintained by c o n t r o l l i n g  both the frequency and 
pu l se  width of the chopper t r a n s i s t o r s '  base d r i v e  i n  t h e  
following mannero 

The d i f f e r e n t i a l  a m p l i f i e r  formed by t r a n s i s t o r s  Q7 and Q8 
senses  t h e  d i f f e r e n c e  between t h e  r e fe rence  vo l t age  a t  t h e  
cathode of zener  diode CR2 and the c e n t e r  t a p  of potent iometer  R7, 
The d i f f e r e n c e  s ignal ,  which i s  d i r e c t l v  n r m o r t i o n a l  t o  t h e  
output vol tage,  is added t o  the m u l t i v i b r a t o r  o i a s  l e v e l  
through r e s i s t o r  R2. The m u l t i v i b r a t o r  b i a s  becomes a 
f u n c t i o n  of both input  and output  v o l t a g e  leve ls ;  being 
d i r e c t l y  p ropor t iona l  t o  each, 
the frequency of o s c i l l a t i o n  will vary  a s  w e l l .  

A s  the b i a s  l e v e l  is var ied,  

Increasing the b i a s  l e v e l  causes  the t iming c t r c u i t s  f o m d  
by R3, Rh, RS, R6, C1 and C2 t o  s eek  t h i s  higher  level, and 
thus  frequency i s  decreased. 
r e v e r s e  becomes true, 

As vo l t age  is decreased t h e  

Pulse  width modulation is  effecbed by t h e  a c t i o n  of t h e  
s a t u r a b l e  transformer. 
it reaches t h e  s a t u r a t i o n  level when tb i npu t  vo l t age  is 
a t  a minimum. Thus, if the  vol tage rises, the t r a n s f o r m r  
w i l l  s h o r t e n  t h e  pulse  width t o  maintain a cons tan t  v o l t -  
second output . 

The t ransformer is designed s o  t h a t  

b. Discussion 

Seve ra l  p o i n t s  should be notedr 

F i r s t  - $3 and Qh must provide enough a m p l j f i c a t i o n  t o  d r i v e  
the  transformer.  The ope ra t ing  l e v e l  of t h e  a s t a b l e  mult i -  
v i b r a t o r  must be kept law s o  t h a t  d i s s i p a t i o n  i n  the r e s i s t i v e  
elements i s  minimized, It is, the re fo re ,  p o s s i b l e  t h a t  addi-  
t i o n a l  a m p l i f i c a t i o n  between t h e  m u l t i v i b r a t o r  output and the 
t ransformer input w i l l  prove b e n e f i c i a l .  

- 

Secondly - 
frequency and b i a s  l e v e l  i s  logari thmie and not l i n e a r .  
is  not  p o s s i b l e  t o  maintain c o n t r o l  by p l ac ing  narrow limits on 
frequency excursions,  t h e n  o t h e r  methods of c o n t r o l l i n g  frequency 
can be considered. Among them, the  use af a d d i t i o n a l  t r a n s i s t o r s  
t o  vary effective timing r e s i s t a n c e ,  or t o  c o n t r o l  base d r i v e  
cu r ren t  is most p reva len t  , 

t h e  r e l a t i o n s h i p  between the a s t a b l e  m u l t i v i b r a t o r ' s  
If it 

F ina l ly ,  t h e  transformer l o s s e s  a r e  r e l a t i v e l y  high. 
performance can  be improved by t h e  use of a s e l f - s t a b i l i z i n g  
chopper c i r c u i t  a s  described below. 

However, 
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2, Pul se  Width and Frequency Modulated 
S e l f  -S tab i l i z ing  Chopper 

FIGURE 20 - PULS WIDTH AND FREQUENCY KIDULATED 
SELF-STABILIZING CHOPPER 

a. C i r c u i t  Onerat ion 

The c o n t r o l  and f i l t e r  s e c t i o n s  of t h e  c i r c u i t  i l l u s t r a t e d  
above (Figure 20), a r e  t h e  same a s  those of the p rev ious ly  
d i scussed  concept,  (Figure 19)  It is i n  the power s e c t i o n  Li-,a-L 
d i f f e r e w e s  a r e  apparent . 
Consider a series of p k e s  being a l t e r n a t e l y  app l i ed  t o  t h e  
bases  of t r a n s i s t o r s  Q3 and Q4. 
t o  Q3, t h e  t r a n s i s t o r  w i l l  t u r n  on and by a u t o t r a n s f o r m r  
ac t ion ,  62 w i l l  be biased on, 
u n t i l  t h e  transformer s a t u r a t e s  o r  i s  r e s e t  by the t u r n i n g  
on of Q4. Turning on Q4 causes &1 t o  be biased on, by the 
same a u t o t r a n s f o r m r  ac t ion ,  and Qb remains on u n t i l  e i t h e r  
the t r ans fo rmer  s a t u r a t e s ,  o r  u n t i l  Q3 is  once a g a i n  tu rned  
on, r e s e t t i n g  t h e  t ransformer and completing a cycle.  

When t h e  pu l se  i s  app l i ed  

T r a n s i s t o r  Q2 w i l l  remain on 

The output  of t h e  chopper t r a n s i s t o r s  Q1 and Q2 w i l l  t h e n  
be p u l s e  width modulated by the s a t u r a b l e  t ransformer ard 
dwell time w i l l  be e s t a b l i s h e d  by the frequency of the 
d r i v i n g  funct ion.  



b. Discussion 

The r a t h e r  unique method of u s ing  t h e  s a t u r a b l e  transformer, 
conceived by A .  Powell of HSD o f f e r s  two d i s t i n c t  advantages: 

First - t he  c i r c u i t  is i n h e r e n t l y  s h o r t  c i r c u i t  proof since 
Q 1  and Q2 a r e  suppl ied with f i x e d  base d r i v e  and r e g e n e r a t i o n  
cannot occur under s h o r t  c i r c u i t  cond i t ions ,  

Second - 
reduced by the r e l a t i v e l y  high r e s i s t a n c e  of t h e  s t a r t i n g  
r e s i s t o r s  R7 and R80 

Power l o s s e s  during t ransformer s a t u r a t i o n  a r e  

3, Frequency Modulated Single -Ended Chopper 

* 
FIGURE 21 - FREQUENCY IBDULATED 

SINaE-ENDED CHOPPER 

a ,  C i r c u i t  Operation 

This c i r c u i t  was presented i n  the  A p r i l  1962 i s s u e  of 
Texas I n s t r u m n t  1s Appl i ca t ion  NotesO2 
amplif ier  formed by t r a n s i s t o r s  &1 and Q2 senses  the d i f f e r e n c e  
between the  reference vo l t age  a t  t h e  cathode of zener diode 
C l i l  and the cen te r  t a p  of potent iometer  R2, 
t he  second d i f f e r e n t i a l  a m p l i f i e r  composed of Qs and Q6. 

The d i f f e r e n t i a l  

The o u t p u t  d r i v e s  

30 
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The c o l l e c t o r  c u r r e n t s  of QS and Q6 determined t h e  c i r c u i t  
timing according t o  the following: 

If tl  = 

then;  t l  

t 2  

o f f t i m  of Q4 and t2 = on time 
v',c e, = 48.) 

49.) 

Examining the  r e s u l t s  of a n  i n c r e a s e  i n  output vol tage 
we f ind :  

Q1 
The conduction of QZ i s  lessened;  

The vo l t age  a t  t he  base of 6 lowers, t h u s  

begins t o  conduct more heavi ly;  

i nc reas ing  I ; % 
The vol tage a t  t h e  base of Q6 r a i s e s ,  t hus  
decreasing IC 6' 

The n e t  e f f e c t  is then  a shortening of t r a n s i s t o r  Qb of f  time 
and a lengthening of Q4 on time, 

It is a l s o  e a s i l y  seen t h a t  a decrease i n  output vo l t age  w i l l  
cause t h e  reverse e f f ec t s .  

Thus t h e  frequency of t h e  p o s i t i v e  pu l ses  seen  by t h e  d r i v i n g  
t r a n s i s t o r s  Q7 and Q8 i s  i n v e r s e l y  p r o p o r t i o n a l  t o  output  
vo l t age  and c o n t r o l  of the chopper (Q9) is  e f f e c t e d ,  

be Discus s i  on 

This concept provides a means of c o n t r o l  without the use  of 
magnetics. I n  addi t ion,  the e f f i c i e m y  of 93% a t  100 w a t t s  
output a s  ca l cu la t ed  by Texas Instruments2 is a t t r a c t i v e ,  

The prObh3m of response t i m e  i s  not  overcorn, however. Sensing 
t h e  output vol tage and c o n t r o l l i n g  on t h i s  one parameter l i m i t s  
the response time and does not provide t h e  degree of c o n t r o l  
over input  v a r i a t i o n s  t h a t  i s  p o s s i b l e  with t h e  concepts 
p rev ious ly  discussed. 
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G. The System Concept 

0 

The system descr ibed i n  Sec t ion  IV,  F2 was chosen f o r  f u r t h e r  study. 
Its mri ts  include t h e  use of t h e  push-pull power s t age ,  p rev ious ly  
determined7 t o  be most s u i t e d  t o  the p re sen t  app l i ca t ion .  

It a l s o  makes use of a sa tu rab le  t ransformer i n  the d r i v e  c i r c u i t r y  
t o  p u l s e  width c o n t r o l  a s  a f u n c t i o n  of i nnu t  vol tage s o  a s  t o  improve 
response time. 
e f f i c i e n c y  i s  held above the normal l eve l  by t h e  c i r c u i t  app l i ca t ion .  

Although s a t u r a t e d  magnetics a r e  thus  introduced, 

The use of d i g i t a l  type c i r c u i t s  i n  the c o n t r o l  loop was p r e d i c a t e d  
on the a n t i c i p a t i o n  t h a t  t h i s  would a l low the e a s i e s t  t r a n s i t i o n  t o  
a microminiaturized system. A t  t he  p re sen t  time, low power, b i - s t a b l e  
mul t i  v i b r a t o r s  a r e  a v a i l a b l e  i n  
packages from s e v e r a l  sources. 
t o  s c r i b e  the  necessary r e s i s t o r s  and c a p a c i t o r s  on micro-wafers, to 
convert  t h e  b i - s t ab le  chips  t o  a s t a b l e  u n i t s  t h a t  a r e  not p r e s e n t l y  
a v a i l a b l e  . 

off -the -s he1 f mic r omi nia t u r e  
It is possible ,  with p r e s e n t  technology, 

H. Rect i fying Components 

If t o t a l  r e c t i f i e r  l o s s e s  a r e  considered t o  be forward power l o s s e s  
p l u s  recovery power l o s s e s ,  (neg lec t ing  leakage e f f e c t s )  it i s  rela- 
t ive ly  easy  t o  determine the  r e c t i f i e r  parameter t h a t  most e f f e c t s  
e f f i c i ency .  

L X M  m - 

\Ir: - - - - - - - - I 

k T % R  4 
FIGURE 22 - SILICON DIODE OUTPUT WAVEFORM 

Pf = forward power losses 
/ 

Pr = recovery power l o s s e s  
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Forward power l o s s  i s  a func t ion  of t h e  r e c t i f i e r  forward voltage,  t h e  
load  cu r ren t  drawn, and duty cycle .  The two l a t t e r  cond i t ions  a r e  
determined by exbernal  c i r c u i t  requirements, while t h e  forward vol tage 
of s i l i c o n  r e c t i f i e r s ,  operating w i t h i n  s p e c i f i e d  limits, w i l l  n d  
v a r y  apprec i ab ly  from u n i t  t o  u n i t .  Thus, the choice of r e c t i f i e r  
w i l l  not  s i g n i f i c a n t l y  e f f e c t  forward l o s s e s .  

Considering recovery losses, it is found t h a t  a f u n c t i o n  of  r e v e r s e  
voltage,  reverse cu r ren t ,  d u t y  cycle,  and r e v e r s e  recovery time must 
be examined. Of t hese  parameters, reverse recovery time (T ) is the  
only one t h a t  i s  p r i m a r i l y  a f u n c t i o n  of r e c t i f i e r  design. q h e  o t h e r s  
a r e  a l l  p r i m a r i l y  determined by e x t e r n a l  c i r c u i t  conditions.  

Thus, s i n c e  power l o s s e s  a r e  d i r e c t l y  p r o p o r t i o n a l  t o  reverse recovery 
time, and s i n c e  only t h i s  parameter is  b a s i c a l l y  a f u n c t i o n  of r e c t i -  
f i e r  construct ion,  t hen  t h e  choice of s i l i c o n  r e c t i f i e r s  i s  narruwed t o  
t h a t  u n i t  which meets requirements imposed by c i r c u i t  condi t ions,  and 
t h a t  has the f a s t e s t  recovery t i m ,  

Because of i nhe ren t  low j unc t ion  voltages,  the use of germanium devices  
was a l s o  considered. However, germanium diodes a r e  not r e a d i l y  a v a i l a b l e  
i n  the power r a t i n g s  required and i n  t h e  extensive Gulton Report 6 , t h e  
u s e  of germanium synchronous r e c t i f i e r s  is not  recommended. 
deemed beyond t h e  scope of the  p r e s e n t  prcgram t o  explore  t h i s  problem 
f u r t h e r ,  

Output F i l t e r  S e c t i o n  

The response of t he  following choke input  f i l t e r  was examinedc 

It was 

I. II 

- + T I- 
T =  

L 1 a 

FIGURE 23 - CHOKE INPUT FILTER SECTION 

33 
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X 

- 
-Q 

x 

1, The F i l t e r  Transfer  Function 

4~ *b 

c 

(1-b 

BY INSPECTION OF FIGURE 232 

The t r a n s f e r  func t ion ,  G12, is; 
EL (p) //L c 

53.) 

FIGURE 24 - "P"' PLANE PLOT OF FILTER 
TRANSFER F'UNCTION 
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0 
The network is s t a b l e ,  s ince  a l l  poles of t h e  t r a n s f e r  func t ion  
have r e a l  p a r t s  which p l o t  i n t o  the negat ive ( l e f t )  ha l f  plane. 

The denominator of equat ion 50. fP 2 1  + - P + 
RC 

where &, = n a t u r a l  o r  undamped frequency expressed i n  radians/see.  

and % = t h e  damping r a t i o .  

Assume a network where L = .8 mhy 

c = l o o p f  
RL = 8 n  ( f u l l  load)  

From equat ions 54 a d  5'5, t he  poles may be determined a8 

If RL is changed from 8 2  t o  llQ (3/4 l oad )  

( a + j b )  - 455 + j 3 s O O  

(a- jb)  = h55 - j3500 

A t  1/10 load, RL = 8 0 n a r d j  

(a + j b )  = 62.5 + j3%0 

(a - j b )  = 62.5 - j3540 

If t h e  loca t ions  of t he (a+ jb )  po le s  a r e  p l o t t e d  a s  a f u n c t i o n  of 
%, t h e  fol lowing p l o t  r e s u l t s :  

35 
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FICilTRE 25 - ”€’* PLANE PLOT OF FILTER 
TRANSFER F’UNCTION 

Superimposed on the  p l o t  a r e  contours of cons t an t  damping f a c t o r , 6 .  
Thus it can be seen tha t ,  as RL is  increased,  t he  f i l t e r ’ s  
resonant  frequency inc reases  and the damping decreases.  A t  
R5 = 00, the ( a+ jb )  term w i l l  be p u r e l y  imaginary and t h e r e  
w i l l  be no damping whatsower,  s o  t h a t  any input  w i l l  r e s u l t  
i n  a n  undamped s i n u s o i d a l  o s c i l l a t i o n .  Thus, f o r  t h i s  f i l t e r ,  
no-load ope ra t ion  i s  impossible, and even a t  f u l l  load, tb 
damping i s  s o  low t h a t  appreciable  time would be r equ i r ed  f o r  
any output o s c i l l a t i o n  t o  decay. 

I n  o r d e r  t o  achieve b e t t e r  damping and, %has, f a s t e r  recovery, 
from equa t ion  56. 

An i n c r e a s e  of 

If 5 i s  s e t  t o  equa l  0.8, and RL = 8(L,  L = 0- t3ML y; 

r equ i r e s  a decrease of M N l a l  OR 

36 
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If a m i n i m u m  frequency of 20 KCPS i s  assumed, and the output r i p p l e  
i s  t o  be 1%, t hen  the choke impedance must be 99 x that  of the 
c a p a c i t o r  a t  20 KCPS, o r  

49 
and; C = - 

W Z L  57.) 

Thus the  requiremeht f o r  a given r i p p l e  i s  s l i g h t l y  i n  c o n f l i c t  
with t h e  requirement f o r  S = 0.8, but t h e  d i f f e r e n c e  i s  no t  g r e a t ,  
s o  t h e  5 pf c a p a c i t o r  w i l l  be s a t i s f a c t o r y  here. 

From equat ions 54 and 55, with L = .9 mhy, C = 5 uf, and RL 
var i ed  from 8 ~ 2  t o  11a t o  80=, t h e  ( a+ jb )  poles,  and r e s p e c t i v e  
values  of S a re :  

8Q 12500+ j 9700 0.792 
11 n 9100fj12900 0.575 
80 R 1250+ j15700 0.079 

Thus, f o r  s t e p  changes of load from 8 t o  11 o r  11 t o  8 ohms, 
t h e  use of a 5 pf r a t h e r  t h a n  a l O O a  c a p a c i t o r  has  g r e a t l y  
decreased the f i l t e r ' s  t r a n s i e n t  recovery time but does s o  by 
s a c r i f i c i n g  r i p p l e  a t t e n u a t i o n  t o  some ex ten t .  This network 
w i l l  s t i l l  e x h i b i t  a n  urdamped s i n u s o i d a l  response a t  RL=OO, 
however. 

2. Considerat ion of Input Var i a t ions  

For the  10 watt  u n i t ,  the input  vo l t age  can va ry  between Vin min = 
1OV t o  Vin max 5 20V, with 1OlB r i s e  ard f a l l  times, a s  shown: 

FIGURE 26 - SYSTEM INPUT VOLTACE 

3? 
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I n  t h e  worst  case,  i f  r ise  and f a l l s  fo l low each o t h e r  immediately, 
the t r i a n g u l a r  p o r t i o n  could be represented,  t o  a f a i r  approxi- 
mation, a s  a s inuso id ,  A s i n g l e  r i s e  o r  f a l l  is equ iva len t  t@ 
a ramp. 

For a f i x e d  load, t h e  power s t a g e  output  (innlit t o  t h e  f i l t e r )  
is  a t r a i n  of pulses9 the width of each being p ropor t iona l  Ce 
t h e  instantaneous amplitude of the input  voltage,  as shown2 

t 

FIGURE 27 - FOWER STAGE OUTPUT V O U A G E  

A continuous t r a i n  of i d e n t i c a l  u n i t  p u l s e s  can be r ep resen ted  
by a F o u r i e r  series a s ;  

The amplitude of a continuous t r a i n  of i d e n t i c a l  u n i t  p u l s e s  
can be modulated by a sinusoid,  as:  

but f ( t )  i s  i n  i t se l f  a f u n c t i o n  of t he  instantaneous value of 
s i n  w t ,  s i n c e  the pulse  width i s  varying inversely. It can  
r e a d i l y  be apprec ia t ed  t h a t  t h e  problem of c a l c u l a t i n g  f i l t e r  
response t o  such a n  input is no e a s y  task.  

However, one may examine the response t o  i n d i v i d u a l  p o r t i o n s  
af t h e  input ,  such as  a u n i t  s t e p ,  a u n i t  ramp, and a u n i t  
s inusoid,  i n  order  t o  evaluate  s t a b i l i t y  and behavior. 

a ,  For A Unit S t e p  Input:  1 E, (P)  = F, and3 
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By Heaviside’s expansion, t h i s  becomes: 

Thus the output response i s  a cons tan t  vo l tage  and a cos ine  
term due t o  the  poles of t h e  t r a n s f e r  func t ion ,  which decays 
with a time constant  of l / a .  
denced, s ince  t h e r e  a r e  no terms which increase  indefinitely 
with t i m e .  

There i s  no i n s t a b i l i t y  ev i -  

The output is composed of t h e  i n p t  ramp, a decaying cosine, 
funct ion,  and a n  apparent cons tan t  vo l tage  ( B  term), which can 
only be evaluated by a n  a c t u a l  determinat ion of c o e f f i c i e n t s .  
The output i s  again s t a b l e ,  however, s i n c e  t h e  only output 
func t ion  which increases  wi th  time is t h a t  the appl ied  ramp 
i t s e l f  . 

C. For A Unit S inusoida l  Input r  El(P) - - w  - and; 
P L  + W L  



Thus, the output  is t h e  f a m i l i a r  decaying cosine term due t o  t he  
p o l e s  of t h e  t r a n s f e r  funct ion,  p lus  a n  undamped, phase s h i f t e d  
r e p l i c a  of t h e  inpu t  s i n e  funct ion.  Again, t he  response is 
s t a b l e  because no terms i n c r e a s e  wi th  time. 

3. Discussion 

From cons ide ra t ion  of load v a r i a t i o n s ,  the LC f i l t e r  has t h e  
fol lowing c h a r a c t e r i s t i c s  : 

1. It cannot be operated a t  no-load because a t  that condition, 
any inpu t  dis turbance will r e s u l t  i n  a t h e o r e t i c a l l y  
undamped o s c i l l a t i o n  a t  t h e  Lc resonant  frequency. 

2. For minimum recovery time t h e  va lue  of C is  smaller t h a n  
t h a t  necessary f o r  a high degree of r i p p l e  a t t enua t ion .  

The problem of describing, mathematically, t h e  a c t u a l  i npu t  t o  
t h e  LC f i l t e r  is q u i t e  d i f f i c u l t .  However, a t  load cond i t ions  
o t h e r  t han  no-load, the rnsponse of the f i l t e r  is s t a b l e  f o r  
any recognizable  component of t h e  input,  namely, u n i t  s t e p s ,  
ramps, and s inusoids .  Therefore, i n  t h e  open l09p condition, 
it should be s t a b l e .  

40 
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V, CONCLUSIONS AND RECOMMENDATIONS 

The magmtic  s tudy  conducted ind ica t ed  t h e  p l a u s i b i l i t y  of e f f i c i e n t  t r a n s -  
former ope ra t ion  throughout t h e  frequency range from 10 t o  100 KCPS. 
fore ,  a n  upper frequency l i m i t  of 30 KCPS w i l l  be imposed due t o  t h e  semi- 
conductor l i m i t a t i o n s  p rev ious ly  discussed. 

There- 

Furthermore, 
frequency modulation can be used i n  the c o n t r o l  loop, 
improve response time, a combination of t h e  two w i l l  be attempted. 
s a t u r a t i n g  c o r e  t ransformer w i l l  be used t o  a d j u s t  t he  d r i v i n g  p u l s e  
width a s  a f u n c t i o n  of i n p u t  voltage,  while load v a r i a t i o n s  w i l l  be compen- 
s a t e d  f o r  by d r i v e  frequency adjustments, 

The s e l f - s t a b i l i z i n g  c i r c u i t ,  conceived by A. Powell of Hamilton Standard 
Division, w i l l  be used i n  the power drive c i r c u i t r y  s o  as t o  reduce the  
high l o s s e s  of t h e  s a t u r a t e d  t ransfonner .  The frequency of t h e  c o n t r o l  
m u l t i v i b r a t o r  d i l l  be ad jus t ed  by varying t h e  t r a n s i s t o r s '  base cu r ren t ,  
This w i l l  be accomplished by e i t h e r  c o n t r o l l i n g  t h e  b i a s  vo l t age  level o r  
by using a d d i t i o n a l  t r a n s i s t o r s  t o  c o n t r o l  r e s i s t a n c e  i n  the m u l t i v i b r a t o r ' s  
t iming c i r c u i t s .  

The examination of r e c t i f y i n g  devices has l e d  t o  t h e  s e l e c t i o n  of t h e  s i l i c o n  
diode. 
u n a v a i l a b i l i t y  of germanium diodes capable of handling t h e  power r equ i r e -  
ments, and because extensive work by Gulton I n d u s t r i e s 6  i n d i c a t e d  t h a t  
germanium t r a n s i s t o r s  would not be s u i t a b l e  a s  synchronous r e c t i f i e r s .  

F i n a l l y ,  t h e  a n a l y s i s  of the choke input f i l t e r  l e d  t o  the  conclusion that  
t h e  open loop response of t he  c i r c u i t  would be s t a b l e ,  The a n a l y s i s  a l s o  
revealed t h a t  t h e r e  would be no damping under no load  condi t ions.  
expected, however, t ha t  t h e  i r h e r e n t  r e s i s t a n c e  found i n  t h e  induc to r  and 
c a p a c i t o r  w i l l  provide t o l e r a b l e  damping, 

it has  been shown mathematically t h a t  e i t h e r  p u l s e  width o r  
Hoever, i n  o r d e r  t o  

The 

The p o s s i b l e  u s e  of germanium u n i t s  was r u l e d  out because of t h e  0 

It is 
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V I .  PROGRAM FOR NEXT INTERVAL 

During t h e  next q u a r t e r l y  period, e f f o r t  w i l l  be d i r e c t e d  t o  th fol lowing  
a r e a s  : 

A. Overa l l  c i r c u i t  concept j  a d e t a i l e d  c i r c u i t  concept of one 
r e g u l a t o r  w i l l  be generated.  

B. Preliminary breadboard work; c o n t r o l  c i r c u i t s ,  power s tage,  
and output  f i l t e rs  w i l l  be breadboarded t o  check out  the, 
c i r c u i t  concept and ts i n v e s t i g a t e  t h e  s h o r t  c i r c u i t  and 
t r a n s i e n t  r e c  overy . 

C. D e t a i l  Design; d e t a i l e d  designs of the seven remainirg 
r e g u l a t o r s  w i l l  be i n i t i a t e d .  



V I 1 1  0 NEW TECHNOLOGY 

It i s  p o s s i b l e  t h a t  t he  power d r i v e  c i r c u i t r y  s e l e c t e d  
f o r  f u r t h e r  s tudy  w i l l  be a n  advame i n  p re sen t  technology, 
However, c i r c u i t  development e f f o r t s  must be expended 
before conclusions can be drawn. 
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